The fields in which lead (Pb) finds application in the modern world have increased dramatically in recent years. As a consequence of this intensive utilization of Pb, its toxicity tends to pose more and more environmental problems. The aim of this study was to evaluate the genotoxic potential of Pb and to characterize some physiological parameters in Secale cereale under Pb stress. Plants were subjected to different exposure levels of Pb (0, 100, 200 and 400 mmol/L) for two weeks. At the end of the experimental period, the effects of Pb exposure on the photosynthetic pigments content (chlorophyll a and b, total chlorophyll, chlorophyll a/b and carotenoids) and genetic material of S. cereale were studied. To evaluate the genotoxic effect of Pb, random amplified polymorphic DNA À polymerase chain reaction (RAPD-PCR) was employed. The obtained results showed alteration in the photosynthetic pigments content and RAPD-PCR profiles of S. cereale grown in the presence of Pb. The alterations in the RAPD-PCR profiles following Pb treatments appeared to be losses of normal bands and occurrences of new bands compared to unexposed plantlets. Overall, the content of chlorophyll a, chlorophyll b, total chlorophyll and carotenoids decreased by 6.68%, 6.08%, 2.89% and 8.57%, respectively, under severe Pb stress (400 mmol/L).
Introduction
Heavy metals exert toxic effects on living species, and heavy-metal bioaccumulation is observed with different latency periods, even lasting for decades. [1] The toxicity level mainly depends on the type of heavy metal and its concentration. However, some heavy metals, e.g. Cu, Fe, Mn, Mo, Ni and Zn, are involved in a number of biological processes essential for organisms but, in excessive amounts, can cause many toxicity-related health conditions. [2, 3] Other heavy metals, including As, Cd, Cr (for plants), Hg and Pb, even when present in minute quantities, are potentially toxic for organisms. [2, 4] In humans, accumulation of heavy metals mainly occurs through contaminated foodstuff, water or air. [5] In the last few decades, the level of heavy metals in the environment has significantly increased, mainly due to anthropogenic factors, e.g. misuse of agricultural, transportation and industrial activities,[6À9] and natural factors, including volcanic activity, leakage from rocks, radon emission and some natural disasters (earthquakes, floods, storms and forest fires etc.), [6, 10] causing contamination of the environment.
One of the hazardous heavy metals that exist in different forms in the environment is lead (Pb). It exists in some organic compounds, e.g. tetraethyl lead; inorganic compounds, e.g. lead arsenates, lead chromates, lead chloride, lead oxide, lead sulphate and lead silicates; and in a mineral form [11] . The major sources of Pb pollution are accumulators, batteries, cable sheathing, lead sheets, combustion of lead-containing petrol, solders, pigments, ceramics, photographic materials and explosives manufacturing. [2, 12, 13] As a consequence, the concentration of Pb as an environmental pollutant is directly correlated with industrialization and urbanization. Because of its highly toxic nature for living systems, regular monitoring of Pb is a necessity in health-related programmes. [6] Pb has been reported to reduce the cognitive/intellectual development and the glomerular filtration rate, and to increase blood pressure and the incidence/risk of cardiovascular disease. [6, 11] Pb affects plant growth and development by interfering with plant metabolism, including binding to the sulfhydryl groups of proteins, which causes disruption of protein structure CONTACT Ibrahim Ilker Ozyigit ilkozyigit@marmara.edu.tr or inhibition of protein activity. The deleterious effects resulting from Pb exposure can also be observed in plants as a consequence of disturbance in the uptake and/or distribution of other essential elements. [14] In addition, ROS can be formed as a result of Pb stress, causing oxidative damages in cells. [14, 15] . Secale cereale (rye), belonging to the Triticaceae family, is a wild species mainly distributed in central and eastern Turkey, as well as in neighbouring regions. It is used as a cover crop plant to improve soil fertility/quality and for protection of agricultural fields from the invasive behaviour of weed species. [16] In the present study, the possible physiological and genotoxic effects of Pb in rye were investigated to gain a better understanding of the effects of Pb pollution on living species. The obtained results may be used to assess the degree of pollution in the environment by comparative analysis of the data from our work and data obtained from screening and monitoring of the environment. This may facilitate the use and planning of possible measures for the detection and prevention of Pb pollution posing risk of detrimental effects on species, especially plants.
Materials and methods

S. cereale plantlets and in vitro growth conditions
The seeds of S. cereale var. Aslim-95 used in this work were obtained from Bahri Dagdas International Agricultural Research Institute. For surface-sterilization, S. cereale seeds were treated with 70% (v/v) ethyl alcohol for 15 min, rinsed three times in deionized water for 5 min, then immersed in 20% (v/v) commercial bleach (ACE Ò ) for 10 min and rinsed three times with deionized water. Sterilized seeds were placed in small vessels containing Murashige and Skoog (MS) medium [17] used for germination. After germination, the 3À4 cm long plantlets were grown in vitro in MS solid medium containing 0, 100, 200 and 400 mmol/L of Pb in the form of Pb(NO 3 ) 2 .
They were incubated in a growth chamber. The temperature and relative humidity were maintained at 23 § 2 C and 50%À55%, respectively, and fluorescent tubes were used as a light source providing photosynthetically active radiation of 5000 mmol/(m 2 s), with a day/night cycle of 14 h/10 h. The pH value was adjusted to 5.8 in the control and experimental groups. The plantlets were harvested at the end of the 14-day experimental period, and the subsequent measurements were carried out.
Total chlorophyll, chlorophyll a, chlorophyll b and carotenoids content in S. cereale
The amounts of photosynthetic pigments were determined according to Arnon. [18] Briefly, 0.5 g of leaf material from each sample was used for the extraction of photosynthetic pigments in 15 mL of 80% acetone (v/ v). Centrifugation was performed at C4 C and 3000g for 10 min. Following centrifugation, the volume of supernatant for each sample was measured and the content of photosynthetic pigments in each supernatant was determined spectrophotometrically (PerkinElmer-Optima 7000 DV) at 645, 663 and 470 nm. The total chlorophyll, chlorophyll a, chlorophyll b and carotenoids concentrations were calculated using the following equations:
where C a is the chlorophyll a concentration (mg/mL), C b is the chlorophyll b concentration (mg/mL), C Total is the total chlorophyll concentration (mg/mL), C xCc is the carotenoids concentration (mg/mL), D 663 , D 645 and D 470 are the optical densities at 663, 645 and 470 nm, respectively, and V is the volume of the supernatant obtained after the centrifugation (mL).
Determination of total protein in S. cereale roots
The content of total soluble proteins was determined spectrophotometrically, according to Bradford [19] . Briefly, 1 g of fresh root material was homogenized in 3 mL of 0.1 mol/L phosphate solution (pH 7.7). Centrifugation was performed at C4 C and 12,000g for 20 min and the supernatants were collected for measurement of the total soluble protein content. Bradford reagent (5 mL) was added to 100 mL of each supernatant sample and, after 5 min, measurements were made at 595 nm and the protein content was determined using a standard curve. The standard curve was prepared with a series of dilutions of bovine serum albumin.
Determination of Pb accumulation in S. cereale
The leaf and root samples of plants subjected to Pb stress and plants not treated with Pb (as controls), were dried in an oven at 80 C for 48 h and then the samples were pulverized using a micro hammer-cutter mill (porcelain) and passed through a 1. samples and 50 mL of ultra pure water was added to each filtered sample in a volumetric flask. The samples were then stored in falcon tubes. A standard solution was prepared and Pb concentrations were determined using inductively coupled plasma optical emission spectroscopy (PerkinElmer-Optima 7000 DV).
Assessment of the genotoxic potential of Pb in S. cereale
In this study, the RAPD (random amplified polymorphic DNA) technique was employed for assessment of the potential genotoxic effect of Pb exposure. The RAPD profiles of root samples of S. cereale plantlets exposed to Pb were compared to those of untreated (control) samples. DNA was extracted using the Promega Wizard Genomic DNA Purification Kit, according to the supplier's instructions. The concentrations of the obtained genomic DNA were determined using BioSpec-nano Micro-volume UVÀVis Spectrophotometer (Shimadzu Scientific Instruments).
Polymerase chain reaction (PCR) products were obtained by using seven different primers (RAPD _ Iontek Ò )
for RAPD analysis and primer 4 (5'-CTGAGGTCTC-3') produced specific and stable band profiles in our study. The PCR reaction mix contained 2.5 mL of PCR buffer (10X), 1 mL of deoxynucleoside triphosphates (dNTP) mix (2.5 mmol/L), 3 mL of primer (10 mmol/L), 50À100 ng of genomic DNA and 0.5 mL (5 U) of Taq DNA polymerase; the final volume was adjusted to 25 mL with sterile deionized water. A negative control containing all reaction components except template DNA was set up for each reaction. A Techne Ò Endurance TC-512 Gradient Thermal
Cycler was used for the amplifications. The PCR programme was as follows: initial denaturation at 94 C for 2 min; followed by 45 cycles of denaturation at 94 C for 30 s, primer annealing at 35 C for 30 s, elongation at 72 C for 2 min and a final extension step at 72 C for 7 min.
Amplification products were separated in a 1% agarose gel electrophoresis. A molecular size marker (Gene Ruler TM 100 bp DNA Ladder, ready-to-use, Thermo Scientific) was used. Following ethidium bromide staining, DNA bands were visualized under UV light. The results were documented using an 0WL EASYCAST B2 system (Thermo Scientific) and the Gel Analyzer 2010 program. The genomic instability was evaluated based on the genomic template stability (GTS) using the following equation: GTS D [1 ¡ (a/n)] £ 100, where a is the total number of polymorphic bands in each sample and n is the total number of bands in the controls. DNA variations were detected as alterations including loss and gain of bands in profiles.
Statistical analysis
Data presented in figures and tables are means from eight independent experiments with standard deviations ( §SD). Data were analyzed statistically using oneway analysis of variance (ANOVA) with Tukey's post hoc HSD (honestly significant difference) test. IBM SPSS v. 20 software was used for statistical analyses. Means were considered significantly different at P < 0.01 ( Ã Ã ) and P < 0.05 ( Ã ).
Results and discussion
The toxic effects of Pb on plants depend on its concentration, the salt-forming capacity, the soil properties and the plant species. In plants, toxic levels of Pb cause damage to different cellular functions, including targeting metal ions in functional groups of macromolecules, photosynthesis, regulation of water capacity by altering related enzyme activities and mineral nutrient metabolism. [20] Effect of Pb treatment on the content of photosynthetic pigments
In the present study, growth of S. cereale seedlings in the presence of different Pb concentrations (0À400 mmol/L) for 14 days was observed to be associated with fluctuations in the chlorophyll a, b, a/b, total chlorophyll and carotenoids content (Figure 1) . The results showed that, at the end of the 14-day experimental period, there was an increase in the content of chlorophyll a (by »10.34% and »24.39%), chlorophyll b (by »10.22% and »44.66%), total chlorophyll (by »3.24% and »27.12%) and carotenoids (by »10.10% and »28.04%) with 100 and 200 mmol/L Pb treatments, respectively, whereas there was a reduction in the content of chlorophyll a (by »6.68%), chlorophyll b (by »6.08%), total chlorophyll (by »2.89%), carotenoids (by »8.57%) with 400 mmol/L Pb treatment, compared with the controls. Also, there was an increase of »4.48% in the content of chlorophyll a/b under the level of 100 mmol/L Pb treatment, whereas there was a reduction of »18.75% and »16.47% in the content of chlorophyll a/b under 200 and 400 mmol/L Pb treatments, respectively, compared with the controls. Overall, the results ( Figure 1) showed a trend for an increase in the photosynthetic pigments content (chlorophyll a, chlorophyll b, chlorophyll a/b, total chlorophyll and carotenoids) in S. cereale treated with 100 and/or 200 mmol/L Pb. When the level of Pb was increased to 400 mmol/L, there was a trend for a reduction in the photosynthetic pigments content.
The statistical analysis (ANOVA with Tukey's post hoc HSD test) revealed a significant difference only regarding the chlorophyll a and the total chlorophyll content. For the chlorophyll a content, there was a significant difference (P < 0.05) between the control, 100 and 200 mmol/ L Pb treatment groups; therefore, the results of Tukey's post hoc HSD test produced no subsets. Regarding the total chlorophyll content, there were significant differences between the control, 100 and 400 mmol/L Pb treatment groups (P < 0.05) and between the control and 200 mmol/L treatment groups (P < 0.01). With respect to the results from Tukey's post hoc HSD, the control, 100 and 400 mmol/L treatment groups were taken in one subset and the 200-mmol/L treatment group was taken in another subset.
In a similar study in Triticum aestivum, [21] the contents of chlorophyll a, b, total chlorophyll and carotenoids were reduced under Pb stress (0, 500, 1000 and 2500 mmol/L). Similar results were reported in Brassica rapa, where at the end of a six-day experimental period, there was a negative correlation between the content of chlorophyll a, b and carotenoids and the applied Pb levels (0, 0.5, 1, 3 and 5 mmol/L). [22] The reduction rates (%) were 57.4% for chlorophyll a, 68.5% for chlorophyll b and 38.1% for carotenoids under 5 mmol/L Pb(NO 3 ) 2 treatment. Based on our results, it could be speculated that the increase in the content of photosynthetic pigments in the leaves of S. cereale seedlings following exposure to 100 and 200 mmol/L Pb could be considered an attempt to partly compensate the negative effects of Pb by mobilizing appropriate defence mechanisms for alleviation of stress. However, at the level of 400 mmol/L Pb treatment, the photosynthetic pigment content decreased, suggesting that, after a certain point, Pb stress probably becomes insurmountable for the plants. These results are in accordance with the report of Kumar et al. [23] , in which Talinum triangulare was used as a model plant and different Pb levels (0, 0.25, 0.5, 0.75, 1.0 and 1.25 mmol/L) were applied. Increments were seen in the content of chlorophyll a, chlorophyll b and carotenoids under 0.25 and 0.5 mmol/L Pb treatment, whereas reductions in the content of these pigments were observed when higher levels of Pb were applied. According to our results, the synthesis of photosynthetic pigments was promoted under tolerable Pb treatment levels (100 and 200 mmol/L) for the plant. The production of photosynthetic pigments is one of the events that occur in most plants exposed to heavy-metal stress.
[22À24] The survival and plant development at excess Pb exposure (400 mmol/L) was quite low. Pb adversely affects the mechanisms involved in plant growth and synthesis of photosynthetic pigments. [22,25À27] Pb accumulation in S. cereale leaves and roots
As a next step in our study, the concentrations of Pb in the leaves and roots of S. cereale grown in the presence of different Pb concentrations were determined. The results showed that the concentration of Pb in the leaves and roots dramatically increased when different amounts of Pb were added in the culture medium (Figure 2 ). Progressive accumulation of Pb was observed in all studied plant parts proportionally to the levels of Pb in the culture medium.
Effect of Pb treatment on the protein content
Oxidative stress in cells due to the generation of ROS is known to cause lipid peroxidation, enzyme inactivation and genetic material damage at the biochemical level. [28] In our study, reductions in the total protein content status in the roots of S. cereale were observed at all levels of Pb treatment (Figure 3 ). Under 100, 200 and 400 mmol/L Pb treatment, there was a reduction in the content of total protein by »46.29%, »29.27% and »22.02%, respectively, compared with the control. The rate of reduction was most severe under 100 mmol/L Pb treatment. Although there was a decrease in the total protein content at the other treatment levels, the rate of decline decreased compared to control. It could be speculated that these results could be interpreted as evidence that Pb stress activated the SOS response mechanism in the plants, thereby increasing the content of related SOS response proteins in the plant cells.
Genotoxic potential of Pb in S. cereale root tips
To evaluate the possible genotoxic potential of different Pb concentrations on the genetic material of S. cereale . At the highest level of Pb exposure (400 mmol/L), the GTS was decreased, which correlated well with the decrease in the photosynthetic pigments content in the leaves and the total protein content in the roots of S. cereale seedlings (Figures 1 and 3 ). Excessive concentrations of heavy metals can generate different types of DNA damage, including singleand double-strand breaks, modified bases, abasic sites, DNA-protein cross-links and oxidized bases. [29, 30] Changes in DNA structure produced by the events involving different types of lesions and mutations can affect the kinetics of PCR. [31, 32] New PCR products could be formed owing to the occurrence of new oligonucleotide priming sites complementary to oligonucleotide primers following changes or alterations in DNA sequences due to mutations (deletions, inversions, insertions etc.) and/or homologous recombination, resulting in new annealing events. [33] RAPD profile alterations with other parameters have been used in evaluation of genomic DNA template stability and detection of genotoxic damage induced by bio-accumulation of pollutants. [34, 35] 
Final remarks
The results from our study showed decreases in the content of total protein and photosynthetic pigments and in genomic DNA stability in S. cereale seedlings grown under Pb stress and there was a correlation between these parameters. Our data showed that Pb itself mainly accumulated progressively in all parts of the plant when different levels of exogenous Pb were applied. The reduction in the photosynthetic pigment levels in S. cereale plantlets correlated well with the observed changes in the RAPD profiles (Figures 1 and 4) . The data suggest that the extent of the DNA damage seems serious mainly in the cells in leaf tips of S. cereale plantlets. Our findings are in agreement with those reported by other researchers. For example, lead-induced toxicity resulted in reduced photosynthetic pigment content and occurrence of different RAPD-PCR patterns in the leaves of Brassica rapa following Pb exposure. [22] Changes, including reduction of growth, increase in the total soluble protein level and alterations in the RAPD profiles, were observed following ascending cadmium (Cd) exposure in root tips of barley (Hordeum vulgare). [36] When increasing the levels of boron (B) and zinc (Zn) exposures, reductions in GTS and total soluble protein content and increased polymorphism rate in the RAPD profiles were found in Zea mays. [37] The effects of metals (Cd, Pb and Zn) on the biomass, root-shoot length and photosynthetic pigments of Hibiscus rosa sinensis suggested that heavy-metal stress influences the photosynthetic pigment contents and also induces DNA changes during remediation. [38] Significant decreases in photosynthetic pigment contents and genetic alterations were detected in Egyptian clover and Sudan grass after Cd treatment in a dose-dependent manner. [39] Thus, the ever-growing amount of data about the detrimental effects of Pb on plants suggests that Pb toxicity tends to be a problem particularly in the environment due to its extensive utilization in the developing world.
Conclusions
In the present research, the possible physiological and genotoxic effects of Pb in S. cereale were investigated for better understanding of the effects of Pb pollution on living species and assessment of the degree of Pb pollution in the environment based on comparison of the data from this work and those obtained from environmental screening and monitoring. In our study, induced genomic alterations and changes in some physiological parameters were detected in S. cereale grown in the presence of Pb. Furthermore, the obtained results suggest that RAPD-PCR data and physiological parameters can be used together for the estimation of Pb pollution.
